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Bickford	 et	 al.,	 2006).	 Disentangling	 between	 shallow,	 ephemeral	
divergences	(e.g.,	refugial	lineages)	versus	deep,	evolutionary	signifi‐
cant	units,	and	testing	for	their	reproductive	isolation	across	natural	










on	 single	 radiations	 consisting	of	 ecologically	 and	morphologically	
similar	 lineages	that	are	meeting	in	secondary	contact	zones.	Such	
systems	offer	“natural	laboratories”	to	gauge	how	reproductive	iso‐
lation	 evolves	 along	 the	 speciation	 continuum	 under	 comparable	
contexts	of	 life	 history	 and	genetic	 backgrounds.	The	modality	of	
the	relationship	between	hybridizability	and	divergence	time	should	
thus	be	only	bounded	by	the	genetic	architecture	of	Dobzhansky–
Muller	 incompatibilities	 (DMIs)	 and	 the	 interactions	 between	






cumulate	 multiplicatively	 (not	 additively)	 as	 barriers	 to	 gene	 flow	
start	 to	 evolve.	 Speciation	 can	 thus	 be	 viewed	 as	 an	 accelerating	






Nevertheless,	 so	 far	 only	 a	 handful	 of	 cryptic	 radiations	 have	
been	 comprehensively	 investigated	 under	 natural	 settings,	 includ‐
ing	enough	species	pairs	for	comparative	assessments.	These	have	



























ago	[My])	between	populations	distributed	in	the	Near‐East	(hereafter	P. syriacus sensu 
stricto	[s.s.])	and	southeastern	Europe	(hereafter	P. balcanicus),	each	featuring	deep	in‐
traspecific	lineages.	Altogether,	we	could	scale	hybridizability	to	divergence	time	along	
six	different	stages,	spanning	from	sympatry	without	gene	flow	(P. fuscus and P. balcani‐
cus,	>10	My),	parapatry	with	highly	restricted	hybridization	(P. balcanicus and P. syriacus 
s.s.,	>5	My),	narrow	hybrid	zones	(~15	km)	consistent	with	partial	reproductive	isolation	






K E Y W O R D S
amphibia,	anuran,	hybrid	zones,	population	genomics,	reproductive	isolation,	speciation	
continuum
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local	 hybrid	 zone	 dynamics.	 Demographic	 and	 landscape	 factors,	





Croucher,	 Jones,	 Searle,	 &	Oxford,	 2007).	 Previous	 investigations	
were	also	 remarkably	heterogeneous	 in	 their	molecular	 resources,	
such	 as	 diagnostic	 single	 nucleotide	 polymorphisms	 (SNPs)	 gen‐
otyped	 by	 enzyme	 restriction	 (Singhal	 &	Moritz,	 2013),	 microsat‐
ellites	 (Beysard	 &	 Heckel,	 2014),	 allozymes	 (Arntzen	 et	 al.,	 2014)	
and	 cytogenetic	 differentiation	 (Morgan‐Richards	&	Wallis,	 2003).	
Against	 this	 background	of	 disparities,	 comparative	data	 from	ad‐
ditional	 cryptic	 radiations	 are	 thus	 needed	 to	 scale	 hybridizability	
with	divergence	 time,	 and	get	 a	more	comprehensive	overview	of	
the	modality	of	the	buildup	of	reproductive	isolation	under	allopatric	
regimes.	Such	inferences	can	now	benefit	from	population	genomic	




Eurasian	 spadefoot	 toads	 (Pelobates,	 Pelobatidae)	 make	 an	 at‐
tractive	 yet	 underexploited	 system	 to	 study	 the	 relationships	 be‐
tween	 lineages	 speciating	 in statu nascendi.	 In	 particular,	 the	 taxa	
inhabiting	eastern	ranges	potentially	represent	multiple	stages	along	
the	speciation	continuum.	First,	the	distribution	of	the	morpholog‐
ically	differentiated	P. syriacus	 (Balkans	and	Asia	Minor)	and	P. fus‐
cus	 (Northern	 Europe)	 slightly	 overlap	 in	 the	Caucasus	 and	 in	 the	
Balkans,	where	they	are	sympatric	and	even	syntopic	(Iosif,	Papes,	
Samoila,	&	Cogălniceanu,	2014),	suggesting	complete	reproductive	






Third,	P. syriacus	features	cryptic	Asian	(P. s. syriacus)	and	European	
(P. s. balcanicus)	 subspecies,	 supported	by	divergent	mitochondrial	
and	 nuclear	 haplotypes,	 as	well	 as	 allozyme	 variation,	 perhaps	 as	
old	 as	 the	 Pliocene	 (Ehl,	 Vences,	 &	 Veith,	 2019;	 Litvinchuk	 et	 al.,	














In	 this	 study,	 we	 present	 comprehensive	 molecular	 investiga‐
tions	of	Pelobates,	combining	mitochondrial	DNA	(mtDNA)	phyloge‐
netics,	nuclear	phylogenomics	and	population	genomics	of	RAD‐seq	
loci,	with	a	special	 focus	on	the	phylogeography	of	P. syriacus and 
the	 contact	 zones	 between	 parapatric	 and	 sympatric	 lineages	 in	
Eastern	Europe	 and	 the	Near‐East.	We	 first	 test	whether	P. syria‐
cus	 has	 cryptically	 diversified	 across	 its	 range,	 as	 expected	 under	
biogeographic	paradigms	for	the	Eastern	Mediterranean	region.	We	
then	 characterize	 the	 speciation	 continuum	 of	 Pelobates	 through	
comparative	hybrid	zone	analyses.	If	reproductive	isolation	progres‐
sively	builds	up	with	genetic	isolation,	we	predict	that,	as	divergence	





sions	for	Pelobates syriacus,	hereafter	referred	to	P. syriacus sensu lato 
(s.l.),	 as	 it	corresponds	 to	 four	different	 taxa:	P. syriacus syriacus in 
the	Levant,	P. s. boettgeri	in	the	Caucasus	and	Anatolia,	P. balcanicus 
balcanicus	 in	the	Balkans	and	P. b. chloeae	 in	the	Peloponnese.	We	
also	provide	decisive	evidence	that	the	fuscus and vespertinus line‐











and	muscle	 pieces)	 from	 the	 following	 herpetological	 collections:	
NHMC	 (Natural	 History	 Museum	 of	 Crete),	 ZMMSU	 (Zoological	
Museum	 of	 Moscow	 State	 University),	 ZNKSU	 (Zoological	
Museum	 of	 Kharkov	 State	 University),	 ZISP	 (Zoological	 Institute	
of	 St	 Petersburg),	 IBISS	 (Institute	 for	 Biological	 Research	 “Siniša	
Stanković”)	and	BEV	(CEFE	–	EPHE	collection	of	the	Biogeography	
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and	 Ecology	 of	 the	 Vertebrates	 team	 in	 Montpellier).	 Samples	
were	 preserved	 at	 −20°C	 (buccal	 swabs)	 or	 70%–100%	 ethanol	
(other	 samples),	 and	extracted	with	 the	Qiagen	Biosprint	Robotic	
Workstation.	A	 total	 of	 403	 individuals	were	 analysed:	 253	 from	
P. syriacus s.l.,	115	from	the	contact	zone	between	the	 fuscus and 
vespertinus	 lineages	 in	 southern	 Ukraine	 and	 Western	 Russia,	
16	 from	 Central	 European	 P. fuscus	 (including	 five	 syntopic	 with	
P. syriacus s.l.),	three	from	pure	P. vespertinus,	11	P. cultripes	and	five	
P. varaldii	(Table	S1).	An	additional	four	samples	of	North	American	
Scaphiopodids	(one	Spea bombifrons	and	three	Scaphiopus couchii),	
close	 relatives	 of	 Pelobatids,	 were	 included	 as	 outgroups	 (Table	
S1).	 Live	 animals	 were	 sampled	 for	 DNA	 under	 collecting	 per‐
mits	 issued	 by	 the	 Israeli	 Nature	 and	 Parks	 Authority	 (INPA;	
28407/2006–2008),	the	Greek	Ministry	of	Environment	&	Energy	
(ADA:	 ΩΣΜ34653Π8‐9ΣΟ,	 protocol	 number:	 176158/2249),	 the	
Danube	Delta	Biosphere	Reserve	Administration	and	the	Ministry	
of	 the	 Environment	 of	 Romania	 (M.O.	 1173/27.08.2010),	 the	





was	DNA‐barcoded	 by	 sequencing	 a	 short	 fragment	 (~460	 bp)	 of	
the	 mitochondrial	 cytochrome‐b	 (cyt‐b)	 with	 custom	 primers	 Pb‐
cytb‐F1:	 (5′‐TACATCGGAAACGTACTAGT‐3′)	 and	 Pb‐cytb‐R2	 (5′‐
TTRGCRATWAGGGATCAGAATAG‐3′).	In	other	parts	of	the	range,	
69	 samples	 were	 first	 mitotyped	 with	 these	 primers.	 For	 more	
detailed	 phylogeographic	 and	 phylogenetic	 analyses,	 we	 then	 se‐
quenced	a	 larger	cyt‐b	 fragment	(~700	bp,	primers	Pb‐cytb‐F1	and	




All	 polymerase	 chain	 reactions	 (PCRs)	were	 carried	 out	 in	 25‐
µl	reactions	containing	3	µl	of	template	DNA,	12.5	µl	of	nanopure	
water,	 7.5	 µl	 of	 multiplex	 master	 mix	 (Qiagen,	 containing	 buffer,	
dNTPs	 and	 hot‐start	 polymerase)	 and	1	µl	 of	 each	 primer	 (10	µl).	
PCRs	were	 run	as	 follows:	95°C	 for	15	min,	35	cycles	of	94°C	 for	
30	s,	53°C	for	45	s	and	72°C	for	1	min;	and	72°C	for	5	min.	Sanger	
sequencing	was	performed	 in	one	direction	with	primers	Pb‐cytb‐
F1,	 H15915‐short2	 and	 16SA,	 respectively,	 for	 each	 of	 the	 three	
fragments.
2.3 | RAD‐sequencing
We	 prepared	 three	 libraries	 following	 the	 double	 digest	 RAD	
(ddRAD)	protocol	detailed	in	Brelsford,	Dufresnes,	and	Perrin	(2016).	




on	 the	 contact	 zone	 between	P. fuscus and P. vespertinus,	 and	 re‐
spectively	 included	48	 (loc.	FV1‐5	 in	South	Ukraine;	Table	S1)	and	
60	 samples	 (loc.	FV6‐28	 in	North	Ukraine	and	West	Russia;	Table	
S1),	and	were	sequenced	on	one	Illumina	lane	each	(single	read	125).	
After	 a	 quality‐check	 (fastqc	 version	 0.10.1),	 the	 raw	 sequences	
were	 processed	 with	 stacks	 version	 1.48	 (Catchen,	 Hohenlohe,	
Bassham,	Amores,	&	Cresko,	 2013),	 including	 demultiplexing	 (pro‐
cess_radtags),	stacking	and	cataloguing	of	homologous	loci	(ustacks,	
cstacks and sstacks)	using	default	‐m ‐n,	and	‐M	values.	SNPs	were	
called by populations	with	filters	on	minor	allele	frequency	(‐min_maf 













from	 Spea bombifrons	 (JX564896),	 Scaphiopus couchii	 (JX564894)	
and Scaphiopus holbrookii	 (NC037377)	 were	 used	 as	 outgroups.	
The	nuclear	data	 consisted	of	 an	unpartitioned	63.5	kb	alignment	




midpoint‐rooted	 the	 nuclear	 tree	 by	 the	 common	 ancestor	 of	 the	
P. cultripes/P. varaldii	 clade	 and	 the	 rest	 of	 Pelobates.	 Indeed,	 the	
branch	 leading	to	the	P. cultripes/P. varaldii	clade	 is	 the	most	basal	
one	(Crottini	et	al.,	2007).
Phylogenetic	analyses	were	conducted	with	beast	2.4.8	 (mod‐
ule	 starBEAST,	Bouckaert	 et	 al.,	 2014).	We	used	 a	 lognormal	 re‐
laxed	molecular	 clock	 calibrated	 to	 the	 split	 between	 the	 Iberian	
P. cultripes	 and	Moroccan	P. varaldii	 at	 the	 end	 of	 the	Messinian	
Salinity	 Crisis	 (MSC;	 5.33	 ±	 1.0	million	 years	 ago,	 Crottini	 et	 al.,	









(Bouckaert	 &	Heled,	 2014).	 Furthermore,	we	 computed	 pairwise	
nucleotide	distances	as	a	standard	metric	of	divergence	between	
the	main	clades.
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We	 inferred	 the	 demographic	 history	 of	 the	 two	 most	 wide‐
spread	P. syriacus s.l.	lineages,	namely	populations	from	the	Balkans	
(loc.	 24–64,	 P. b. balcanicus)	 and	 from	 European	 Turkey/Limnos/








(2010),	with	a	burnin	 cutoff	of	20%.	EBSP	 reconstructions	 can	be	
sensitive	to	deep	population	structure,	which	can	cause	artefactual	
signals	 of	 population	 declines	 (Stoffel	 et	 al.,	 2015	 and	 references	
therein).	For	this	reason,	we	did	not	 include	our	few	samples	from	
the	genetically	differentiated	loc.	1–5	(P. s. syriacus),	loc.	65	(southern	
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mtDNA	lineage	of	P. b. balcanicus)	and	 loc.	66	 (P. b. chloeae)	 in	 the	
EBSP.
2.5 | Population genetics
To	 visualize	 the	 genetic	 structure	 among	 all	 Palearctic	 spadefoot	
toads,	 we	 first	 performed	 a	 principal	 component	 analysis	 (PCA)	







(Pritchard,	 Stephens,	 &	 Donnelly,	 2000).	 We	 used	 the	 admixture	
model	and	ran	 three	 replicate	 runs	 for	K	=	1	 to	6,	each	consisting	
of	100,000	iterations	after	10,000	of	burnin,	and	computed	the	ΔK 
statistics	with	structure harvester	(Earl	&	vonHoldt,	2012).	We	also	
calculated	 observed	 heterozygosity	 (HO)	 for	 each	 population	with	
the	R	package	hierfstat.
2.6 | Analyses of Pelobates contact zones
We	explored	genetic	admixture	between	three	pairs	of	taxa	of	vary‐
ing	 levels	of	divergence	(see	Results):	P. fuscus and P. b. balcanicus,	
which	are	sympatric	in	the	Central	Balkans	(n = 186 and n	=	38,	for	
mtDNA	and	3,411	nuclear	SNPs,	 respectively);	P. b. balcanicus and 
P. s. boettgeri,	which	meet	in	European	Turkey	(n = 202 and n = 50 
for	mtDNA	and	10,735	nuclear	SNPs,	respectively);	and	P. fuscus and 
P. vespertinus,	which	hybridize	in	Southern	Ukraine	(n = 41 and n = 48 
for	mtDNA	 and	 23,253	 nuclear	 SNPs,	 respectively)	 and	Northern	






between	P. fuscus and P. vespertinus	at	loc.	FV16‐24,	which	corresponds	
to	a	continuous	east–west	 transect	of	a	 local	contact	along	 the	Psel	
River	 in	 Kursk	Oblast,	 Russia.	 Sigmoid	 clines	were	 fitted	 to	mtDNA	
allele	 frequency	 data	 and	 nuclear	 hybrid	 index	 (structure	 ancestry	




3.1 | Genetic relationships of Pelobates spadefoot 
toads
Mitochondrial	 (cyt‐b	 +	 16S,	 1.2	 kb)	 and	 nuclear	 (538	 RAD	 tags,	
63.5	kb)	phylogenies	revealed	that	Pelobates syriacus s.l.	 represents	
two	 distinct	 clades	 of	 Mio‐Pliocene	 divergence:	 P. balcanicus in 
Europe	and	P. syriacus s.s.	in	the	Near	East	(Figure	1).	Both	clades	fea‐
ture	subclades	of	Pleistocene	divergences	(Table	1),	namely	P. b. bal‐
canicus	 (Balkans;	blue)	 and	P. b. chloeae	 (Peloponnese;	purple),	 and	
P. s. syriacus	 (Levant;	orange)	and	P. s. boettgeri	 (Caucasus,	Anatolia,	
European	Turkey	and	Limnos;	yellow).	The	European	P. b. balcanicus 
diversified	 into	 shallow	 nuclear	 and	 mitochondrial	 lineages	 in	 the	
eastern	 (E‐Romania,	 E‐Bulgaria,	NE‐Greece;	medium	 blue)	 and	 the	





early	Pleistocene,	as	well	as	between	the	 Iberian	 (P. cultripes;	grey)	
and	Moroccan	species	(P. varaldii;	black),	that	we	used	as	calibration.	
Several	internal	nodes	were	not	resolved,	namely	the	respective	po‐
sitions	 of	P. balcanicus,	P. syriacus and P. fuscus/vespertinus	 (Figure	
S1).	Accordingly,	 confidence	 intervals	 for	 the	 ages	 of	 these	 nodes	
were	large	(Figure	1).
The	 two	 axes	 of	 the	 PCA	 on	 677	 nuclear	 SNPs	 present	 in	 all	
species,	 cumulating	 67.1%	 of	 the	 variance,	 also	 differentiated	 the	
six	Pelobates	 species,	grouped	by	sister	 taxa	 (Figure	2):	P. cultripes 
with	 P. varaldii,	 P. fuscus	 with	 P. vespertinus,	 and	 P. syriacus	 with	
P. balcanicus.
Pair of lineages mtDNA Nuclear Contact zone
P. fuscus	versus	P. balcanicus 12.4 12.6 Sympatry	without	admixture
P. balcanicus	versus	P. syriacus 10.5 6.6 Parapatry	with	highly‐restricted	
admixture





P. s. syriacus	versus	P. s. boettgeri 1.1 1.4 Admixture	across	Caucasus/
Anatolia/Levant
P. b. balcanicus	W	versus	E 0.4 0.9 Admixture	over	the	entire	Balkan	
Peninsula
P. b. balcanicus	S	versus	E/W 0.5 – No	assessment
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3.2 | Population	genomics	of	P. syriacus s.l
Population	 genomic	 analyses	 support	 the	 intraspecific	 diversifica‐
tions	within	P. balcanicus and P. syriacus s.s.,	 and	 revealed	 the	dis‐
tribution	 of	 these	 lineages	 as	 well	 as	 gene	 flow	 between	 them.	
For P. syriacus s.s.	 (12,665	SNPs),	 the	PCA	primarily	 separates	 the	
Levantine	P. s. syriacus	 (loc.	1–5)	 from	P. s. boettgeri	 inhabiting	 the	
rest	of	the	range	(PC1,	25.2%	of	the	variance;	Figure	2).	In	the	latter,	
Caucasus	samples	 (loc.	6–9)	 stand	out	 from	the	second	axis	 (PC2,	
15.0%	of	the	variance;	Figure	2).	Analyses	with	structure	 (best	for	
two	 and	 three	 groups,	 Figure	 S2)	 recovered	 the	 two	 subspecies	
(P. s. syriacus and P. s. boettgeri)	 and	confirmed	 the	distinctiveness	
of	 the	Caucasian	 spadefoots	 (Figure	 3).	 Several	 of	 these	 individu‐
als,	which	had	 somewhat	 intermediate	positions	on	 the	PCA,	 also	
showed	 intermediate	 ancestry	 coefficients,	 for	 example	 loc.	 6–7.	




For P. balcanicus	 (13,146	 SNPs),	 the	 PCA	 (Figure	 2)	 and	 struc-














F I G U R E  2  Principal	component	analysis	(PCA)	on	nuclear	SNPs	for	Eurasian	spadefoot	toads	(Pelobates)	(main	frame,	677	SNPs),	and	
within	P. balcanicus	(top	left,	13,146	SNPs)	and	P. syriacus s. s.	(bottom	left,	12,665	SNPs).	Dots	are	coloured	according	to	mtDNA	lineages.	
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3.3 | Analyses of Pelobates contact zones
Our	 intraspecific	analyses	 revealed	admixture	between	P. s. syri‐








Second,	P. b. balcanicus and P. s. boettgeri,	parapatric	in	European	
Turkey/NE‐Greece,	 also	 show	 complete	 differentiation,	 except	
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at	 least	five	cryptic	 lineages	seemingly	connected	across	four	transi‐
tion	 zones	 (Figure	 3).	 Combined	 with	 our	 targeted	 analyses	 of	 the	




First,	 the	 mid‐Miocene	 P. fuscus and P. balcanicus	 (>10	 mil‐
lion	years	ago	 [My])	do	not	exchange	genes	despite	 sympatry	and	
F I G U R E  4  Population	genomics	of	Pelobates	contact	zones	in	Eastern	Europe.	The	left	maps	show	mtDNA	distributions	and	the	right	
maps	show	nuclear	distributions	based	on	structure	analyses	(K	=	2)	of	RAD	data.	Pie	sizes	are	proportional	to	sample	sizes.	Top:	P. fuscus 
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syntopy,	confirming	their	complete	reproductive	isolation,	probably	
involving	premating	barriers	 (Figure	4).	 It	would	 be	worthwhile	 to	
confirm	this	result	by	a	replicate	survey	in	the	sympatric	area	of	their	
respective	 sister	 taxa,	 P. vespertinus and P. syriacus s.s.,	 along	 the	
northwestern	coast	of	the	Caspian	Sea	(Mazanaeva	&	Askenderov,	
2007).
Second,	we	characterized	 for	 the	 first	 time	the	 lower	Miocene	
taxa	P. balcanicus and P. syriacus s.s.,	distributed	in	the	Balkans	and	
the	 Near‐East,	 respectively	 (Figure	 3).	 Their	 early	 split	 (5–10	My,	





dating	estimates,	due	 to	 the	uncertain	position	of	 the	ancestor	of	
P. fuscus/vespertinus.	Nevertheless,	our	best‐supported	 topologies,	
which	group	P. syriacus s.s. and P. balcanicus	as	sister	clades	(Figure	1,	
Figure	S1),	are	consistent	with	morphological	similarities	(Dufresnes	
et	 al.,	 2019),	 as	well	 as	 a	previous	mitochondrial	 phylogeny	 (Veith	
et	 al.,	 2006;	 with	 similar	 divergence	 time	 estimates).	 Future	 fine‐
scale	sampling	at	their	contact	zone	will	be	required	to	understand	
whether	 these	 form	very	 localized	 hybrid	 zones,	 and	 if	 premating	
barriers	evolved	between	these	cryptic	species.




allozyme	and	genome	size	data	 (5%	 larger	 in	P. fuscus,	Suryadnaya,	
2014),	 Litvinchuk	 et	 al.	 (2013)	 found	 quite	 similar	 cline	 estimates,	


















Su. and P. fuscus	(right)	by	C.D.
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between	P. vespertinus and P. fuscus	is	clearly	much	older	since	their	
respective	refugia,	located	on	the	western	and	eastern	shores	of	the	
Black	Sea	(Crottini	et	al.,	2007;	Litvinchuk	et	al.,	2013),	are	relatively	
close	 and	 connected	 by	 direct	 recolonization	 routes,	without	 geo‐
graphic	barriers.	There	 is	 thus	 little	doubt	 that	post‐zygotic	 incom‐
patibilities	maintain	the	genetic	integrity	of	P. fuscus and P. vespertinus 
despite	hybridization	in	parapatric	populations.
Fourth	and	fifth,	the	Pleistocene	clades	discovered	within	P. bal‐
canicus	(~2	My)	and	P. syriacus s. s.	(~1	My),	that	we	consider	as	sub‐
species	(Dufresnes	et	al.,	2019),	potentially	admix	over	wide	areas,	
indicative	of	 little	or	no	hybrid	 incompatibility.	 In	 the	Balkans,	hy‐
bridization	was	detected	in	one	locality	between	P. b. balcanicus and 
P. b. chloeae	(loc.	47,	Figure	3)	but	a	large	sampling	gap	remains	over	
Central	Greece.	 In	P. syriacus s.s.,	 traces	of	nuclear	and	mtDNA	of	
the	Levantine	subspecies	(P. s. syriacus)	are	found	in	Anatolia	and	the	
Caucasus	(P. s. boettgeri),	that	is	over	hundreds	of	kilometres	apart,	
despite	 current	 population	 fragmentation.	 Caucasian	 spadefoots	
might	actually	have	a	mixed	origin,	given	their	introgressed	ancestry	
(Figure	3).
Sixth,	 the	 shallow	 phylogeographic	 lineages	 of	 P. b. balcanicus 
(<1	 My)	 merged	 over	 hundreds	 of	 kilometers	 (Figure	 3),	 charac‐
teristic	of	 lineage	 fusion	 (Garrick,	Banusiewicz,	Burgess,	Hyseni,	&	
Symula,	 2019).	 These	 probably	 represent	 ephemeral	 divergences	
generated	by	glacial	isolation,	which	are	commonplace	in	the	Balkans	
(e.g.,	Dufresnes	et	al.,	2013).	Projected	species	distribution	models	
accordingly	 flagged	 suitable	 conditions	 around	 the	 Carpathians	
during	 the	Last	Glacial	Maximum	 (Iosif	et	 al.,	2014).	As	 supported	
by	the	demographic	reconstruction	(Figure	S3),	we	hypothesize	that	




Patterns	 of	 introgression	 in	 Pelobates	 thus	 bring	 new	 empiri‐
cal	support	that	cryptic	phylogeographic	splits	of	 increasing	depth	
represent	 different	 stages	 along	 the	 speciation	 continuum,	 from	
evolutionary	ephemera	 to	nascent	species	 (Figure	6,	Table	1).	Our	
results	mirror	the	pioneer	findings	of	Singhal	and	Moritz	(2013),	who	
quantified	 an	 increase	 of	 reproductive	 isolation	 among	Australian	
skink	 hybrid	 zones,	 in	 respect	 to	 their	 relative	 ages.	 Rather	 than	
linear,	 this	 study	 reported	 an	 exponential	 buildup	 of	 reproductive	
isolation,	implying	that	barriers	to	gene	flow	can	grow	quickly	once	
they	 are	 initiated,	 as	 accumulating	 DMIs	 multiply	 their	 effects.	
Given	 our	 unequal	 sampling	 for	 several	 contacts,	 here	 we	 estab‐
lished	a	qualitative,	 statistically	supported	 link	across	 the	gradient	
of	differentiation	(Figure	6,	Table	1),	but	could	not	assess	the	shape	
of	the	relationship.	Nevertheless,	 from	our	data,	 the	“grey	zone	of	
speciation”	 (i.e.	 the	 window	 of	 divergence	 across	 which	 nascent	
species	 do	not	merge,	 but	 still	 frequently	 hybridize)	 is	 remarkably	
narrow	(Roux	et	al.,	2016):	<1	million	years	separates	the	admixing	
subspecies	P. b. balcanicus/chloeae	(pending	proper	analyses	of	their	
hybrid	zone)	from	the	nearly	impermeable	genomes	of	P. fuscus and 
P. vespertinus.	 In	 contrast,	 the	 alternative	 situation	where	 barriers	
to	gene	flow	emerge	suddenly,	due	to	few	genes	or	gene	complexes	
(e.g.,	 supergenes)	 with	major	 effects	 (Servedio,	 van	Doorn,	 Kopp,	















span	 from	 a	 similar	 age	 (2–3	My)	 in	 Pelodytes	 (Díaz‐Rodríguez	 et	
al.,	2017)	and	Bufotes	 (Dufresnes	et	al.,	2014),	to	divergence	times	
twice	 as	 old,	 for	 example	 5	 My	 in	Hyla	 (Dufresnes	 et	 al.,	 2015),	
and	4–7	My	in	Triturus	 (Arntzen	et	al.,	2014;	Wielstra,	McCartney‐
Meslstad,	Arntzen,	 Butlin,	&	 Shaffer,	 2019).	 Beyond	methodologi‐
cal	differences	such	as	sampling	design,	type	of	molecular	markers,	





depending	on	 the	 intraspecific	 lineages	 involved	 (e.g.,	Arntzen,	de	
Vries,	Canestrelli,	&	Martínez‐Solano,	2017),	emphasizing	how	 the	
random	 nature	 of	DMI	 accumulation	 can	 increase	 variance	 in	 the	
timeline	 of	 reproductive	 isolation.	 Finally,	 divergent	 selection	 on	
ecomorphology	may	skew	the	rate	to	which	reproductive	isolation	
accumulates	 among	 lineages	 (Gavrilets,	 2004).	 This	 may	 typically	
affect	 the	 Triturus	 model,	 where	 “cryptic”	 species	 evolve	 towards	
differing	 lifestyles	 (Arntzen,	 2003;	Wielstra	 et	 al.,	 2019)	 and	 fea‐












s. syriacus and P. s. boettgeri	would	probably	face	the	same	fate	if	their	
ranges	were	not	recurrently	fragmented,	and	 instead	these	 lineages	
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